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[JET IMPINGEMENT COOLING 
OF ELECTRIC MOTOR END- 
WINDINGS] 

Background of Invention 

[0001 ] FIELD OF THE INVENTION. The present invention relates generally to an assembly 
and method used to improve electric motor performance and reliability. This invention 
relates specifically to an assembly and method of implementing jet impingement 
cooling for the removal of dissipated heat from the end-windings of a sealed electric 
motor, operating in a harsh environment such as an automotive vehicle. 

[0002] BACKGROUND. Electric motors are used as the driving means for everything from 
electric vehicles to domestic appliances. Improvements in electric motor performance 
and reliability for all types of electric motors are desired. The presence of high power 
levels of electric motors results in high temperature operation which causes 
distortions in the operating characteristics of the motor. In the absence of heat 
removal liberated during motor operation, poor, degraded performance, and possibly 
total motor failure may result. As electronic device technology advances, there is a 
continuous reduction in component size, while simultaneously demanding these 
components to handle increasingly greater levels of power. As component size 
decreases and power levels increase, higher operating temperatures result. The 
presence of elevated temperatures of electric motors is attended by a variety of 
operational difficulties and malfunctions. For example, it is heat which does the most 
damage to permanent magnets contained within the electric motor. If the electric 
motor is severely overheated, diminished magnet strength, and hence degraded motor 
performance will take place. 

[0003] There are several conventional methods for cooling electric motors. Natural 
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convection cooling, for example, is a passive process involving the transfer of heat by 
the natural movement of air. Hot air tends to rise and is replaced by surrounding 
cooler, more dense air. Natural convection cooling includes several drawbacks, such 
as the small amount of dissipated heat that it is able to remove. Natural convection 
cooling does not allow for large enough amounts of heat to be removed in the time 
necessary to avoid operational difficulties. As stated above, electric motors carry large 
currents to produce high power, which results in high temperatures. As temperatures 
increase, operational difficulties and malfunctions may occur. 

[0004] Lower motor operating temperatures result in an increase in motor efficiency. A 

lower motor temperature allows for more current to be carried by the motor windings, 
which in turn produces greater power output. 

[0005] What is needed is an assembly and method that is able to remove large quantities 
of dissipated heat from electric motor end-windings. The larger the quantity of 
dissipated heat removed, the more efficient the motor will be, and consequently, the 
larger the amount of power that it will be able to handle. 

Summary of Invention 

[0006] To achieve the foregoing objectives, the present invention provides an assembly 
for cooling an electric motor; the assembly comprises a housing, a stator disposed 
within the housing operable for generating a magnetic field, a rotor disposed within 
the housing operable for receiving the magnetic field and generating a torque, a 
winding operatively connected to the stator, an end-winding integrally formed with 
the winding which hangs out of the stator stack, and a jet impingement device 
operable for exposing the end-winding to a temperature controlled stream of fluid. 

[0007] The assembly further provides an inlet operable for introducing and exposing the 
temperature controlled stream of fluid to the end-winding, and an outlet operable for 
removing fluid from the housing. The inlet may comprise a nozzle which directs the 
temperature controlled stream of fluid to the end-windings. 



[0008] 



The temperature controlled stream of fluid may comprise air or other fluid, and is 
generated in a temperature controlled fluid generating device, such as an air 
compressor. The air compressor may further include a pathway for the temperature 
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controlled fluid from the temperature controlled fluid generating device to the inlet. 

[0009] The present invention further provides a method for transferring heat between a 
stream of fluid impinging the surface of an electric motor end-winding, and the end- 
winding itself. The method comprises controlling the temperature of a volume of 
fluid, establishing a stream of fluid from the volume of fluid to an inlet, delivering the 
temperature controlled fluid from the inlet to the end-winding such that heat is 
transferred between the surface of the end-winding and the stream of fluid impinging 
the surface of the end-winding, and removing fluid from the electric motor via an 
outlet. 

[001 0] The present invention further provides an electric motor comprising a housing, a 
stator disposed within the housing operable for generating a magnetic field, a rotor 
disposed within the housing operable for receiving the magnetic field and generating 
a torque, a winding operatively connected to the stator, an end-winding integrally 
formed with the winding, and a jet impingement device operable for exposing the 
end-winding to a temperature controlled stream of fluid. 

Brief Description of Drawings 

[001 1] Figure 1 schematically shows an electric motor in cross-sectional view comprising 
a stator which includes an end-winding integrally formed with a winding; 

[001 2] Figure 2 schematically shows an electric motor in cross-sectional view comprising 
a jet impingement assembly; 

[001 3] Figure 3 is a bar graph illustrating the cooling efficiency improvements using jet 
impingement over natural convection; 

[0014] Figure 4 is a plot illustrating end-winding temperature increase using different 
cooling methods; and 

[001 5] Figure 5 is a plot illustrating the effect of winding temperature versus a heat 
transfer coefficient. 

Detailed Description 

[0016] 

As required, detailed embodiments of the present invention are disclosed herein, 
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however, it is to be understood that the disclosed embodiments are merely exemplary 
of the invention that may be embodied in various and alternative forms. Specific 
structural and functional details disclosed herein are not to be interpreted as limiting, 
but merely as a basis for the claims and as a representative basis for teaching one 
skilled in the art to variously employ the present invention. 

[001 7] An arrangement of a motor is schematically shown in a cross-sectional view in 
FIG. 1 , which is a representation of an electric motor. As shown in FIG.l , the motor 
comprises a stator 1 , a rotor 2, a shaft 3 of the rotor 2, and a motor housing 4. The 
stator 1 has winding/coil 5 insulated from the stack, formed by winding an insulated 
wire 6 around a core with a predetermined electrical specification, and the wire 6 has 
an enamel coating outside which functions as an insulation. Passing an electric current 
through the winding 5 from the outside generates an electromagnetic force, which 
rotates the rotor 2. The winding 5 comprises intimately wound wire 6 and may be 
wrapped with epoxy to avoid flexing. The winding 5 is what differentiates one motor 
from the next, and has a great deal to do with the performance of the motor. The 
winding 5 is wrapped around the core and inserted into the steel stator 1 . The core 
comprises a cooling jacket 7 which is wrapped around the stator 1 outer surface. The 
purpose of the cooling jacket 7 is to transfer dissipated heat from the winding 5 to 
the cooling jacket 7. Hanging end-windings 8 are not enclosed within the cooling 
jacket 7, and therefore require an alternate system for cooling* 

[001 8] As stated above, one example of a conventional system for cooling the end- 
windings 8 involves natural convection, A second conventional system for cooling the 
end-windings 8 consists of attaching a fan to the rotor shaft 3, the fan being operable 
for cooling the end-windings 8 when the rotor shaft 3 spins. Drawbacks to both of 
these cooling systems include the amount of heat that can be removed from the end- 
windings 8 due in part to using recirculated air contained within the motor housing 4 
for the cooling- 



Referring to FIG. 2, in one embodiment, the present invention involves a jet 
impingement assembly operable for bringing in fluid, which may be in the form of air 
or other fluid, from the outside of the motor housing 4, as opposed to conventional 
techniques in which fluid within the motor housing 4 is recirculated. The assembly 
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comprises a jet 1 0, which is a forceful stream of fluid either gas or liquid, which is 
discharged from a narrow opening, nozzle, or inlet 1 1 . The jet impingement system of 
the present invention operates by directing the forceful stream of fluid 10 so that it 
hits the hot surface of the end-windings 8, called the impingement surface. As the jet 
1 0 flows over the impingement surface, the temperature controlled jet fluid 1 0 forces 
an accelerated convection heat transfer. Forced convection heat transfer is the flow of 
heat from the hot molecules on the surface of the end-windings 8, to the cold 
molecules of the flowing fluid 1 0. The faster the jet 1 0 moves, the greater the heat 
transfer. Increased dissipated heat transfer allows the electric motor to be operated at 
higher speeds than it could otherwise tolerate. 

[0020] The layer where the cool fluid from the jet meets the hot fluid from the end- 
winding 8 impingement surface is called the boundary layer. At the jet impingement 
impact region, the boundary layer is very thin, and hence the heat from the end- 
winding is transferred very easily. Perfect heat transfer involves breaking the boundary 
layer completely. In the present invention, jet impingement reduces the boundary 
layer, making it very thin. When the jet impinges on the end-winding 8 surface, very 
thin hydrodynamic and thermal boundary layers form in the impingement region due 
to jet deceleration and increase in pressure. Gonsequently, extremely high heat 
transfer coefficients are obtained within a stagnation zone. Since the peak heat 
transfer only occurs within the stagnation zone, a single jet impingement provides an 
effective means where highly localized cooling is required, such as at the end- 
windings 8. 

[0021] | n the p re f errec | embodiment, the jet impingement assembly comprises an inlet 1 1 
attached to the motor housing 4, the inlet 1 1 operable for directing a cool stream of 
fluid to the interior of the motor housing 4 and the end-windings 8. The inlet 1 1 is 
connected to an outside source of temperature controlled fluid. The jet impingement 
assembly includes a temperature controlling fluid generating device 12, such as a 
compressed air apparatus operable for storing temperature controlled fluid and 
producing pressure, which may act as the driving force for the temperature controlled 
fluid stream. The temperature controlled fluid is supplied from the generating device 
1 2 to the end-winding 8 via the inlet 1 1 . The fluid stream 1 0, or jet, may be of any 
pressure, temperature, diameter, or material that allows for the desired amount of 
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cooling of the end-windings. The inlet 1 1 may include a nozzle, operable for directing 
the stream of fluid 10. The jet impingement device comprises a pathway 13 for the 
temperature controlled fluid from the temperature controlled fluid generating device 
to the inlet 1 1 . 

[0022] The jet impingement assembly of the current invention further includes an outlet 
14, the outlet being operable for allowing fluid contained in the housing 4 to escape 
from the housing 4 to the outside atmosphere. The inlet 1 1 and outlet 1 4 of the 
present invention may be adjusted in size, number, and opened or closed based on 
the desired amount of cooling of the end-windings 8. A further advantage of the 
present invention is that, due to the jet impingement assembly, overall housing 4 
temperatures may be reduced. The jet impingement assembly may also be controlled 
by a computer system, which is operable for setting jet temperature and pressure 

f r based on end-winding temperatures. 

#■ 

i£J [0023] A mathematical formula that represents the form of heat transfer of the present 
^ invention is Newton's Law of Cooling. As applied to the present invention, Newton's 

Law of Cooling states that the rate at which heat is transferred from the end-windings 
8 to the temperature controlled fluid from the jet is related to a "proportionality 

U 2 

constant often denoted as h [W/m ° K] and called the heat transfer coefficient". 

;., a Simulation studies were conducted regarding cooling methods. FIG. 3 illustrates jet 

impingement cooling efficiency performance over natural convection cooling. A 

jwp grading of end-winding cooling efficiency was calculated for stagnant air, convection 

cooling using a fan, and jet impingement cooling. Stagnant cooling was the least 

2 

efficient, removing only 1 0 W/m 0 K, convection cooling using a fan with air 

2 

movement of 5-10 mph was better at 5-100 W/m 0 K, impingement air jet cooling 

2 

was far better removing 300-500 W/m ° K, depending upon speed, and 

2 

impingement liquid jet cooling was the best, removing 1000-2000 W/m ° K. As 
illustrated in FIG. 3, a simulation study was conducted which demonstrated that end- 
winding 8 temperature cooling efficiency was improved using jet impingement. 
Referring to FIG. 3, forced fluid fan cooling was 14 % more efficient than natural 
convection cooling, impinging fluid jet cooling using air was 48 % more efficient than 
natural convection cooling, and impinging liquid fluid jet cooling was 77% more 
efficient than natural convection cooling. 
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[0024] Referring to FIG. 4, the end-winding temperature increase over the main coolant 
temperature is less for jet impingement cooling, both air and liquid, as it is for natural 
convection cooling and forced air fan cooling. The heat transfer coefficient of jet 
impingement is much greater than that of natural convection. 

[0025] Referring to FIG. 5, the copper end-winding temperature decreases as jet 

impingement cooling is applied to the end-windings, again illustrating the ability of a 
jet impingement cooling assembly to remove large quantities of dissipated heat from 
the end-windings 8. 

[0026] A temperature sensor may be located in the end-winding 8. As the temperature 
approaches an end limit, usually in the range of 1 50-185 0 C, preferably in the range 
of 1 50-1 80 ° C, current supplied to the motor is limited. Using the jet impingement 
assembly of the present invention, the temperature of the end-winding is lowered to 
around 1 50 ° C, or less, so that more current may be supplied to the motor. In 
general, other conditions remaining the same, the more current that is supplied to the 
motor, the more power the motor is able to generate, and the more torque the motor 
is able to generate. Current is directly proportional to torque. This is referred to as 
power density. The jet impingement cooling assembly of the present invention 
increases an electric motor's power density. 

* [0027] With natural convection cooling using stagnant air, as the air around the surface 
of the end-windings 8 approaches and equals the temperature of the end-windings 8 
themselves, heat is no longer able to be transferred from the end-windings 8 to the 
surrounding air because the temperatures are equal. Heat will transfer through a path 
of minimum thermal resistance, hot to cold, and there is no benefit in traveling on a 
path to an equal temperature. For example, an experiment was conducted in which an 
end-winding limit temperature of 1 50 ° C was selected, and, via an impinging air jet, a 
cool air stream of air having a temperature of about 72-75 ° C was introduced. When 
the two air temperatures met at the boundary, the resulting air temperature in the 
housing was about 85 ° C, which is significantly less than the end-winding limit 
temperature of 1 50 ° C. The lower end-winding temperature resulted in a lower 
housing temperature and allowed for more current to be supplied to the motor. 

The jet impingement assembly of the present invention results in lower 
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temperatures of the end-windings of an electric motor, which results in increased 
motor reliability. As end-winding temperatures rise above a certain level, around 1 50- 
1 85 ° C, the performance and reliability of electric motors and generators become 
limited. Lower end-winding temperatures translate into higher motor performance, 
higher power density, and improved reliability of the motor. For a constant power 
rating, a motor with the cooling method of the present invention may be significantly 
smaller in size, lower in weight, and costs less than a motor with an electric motor 
with a traditional cooling method. 

[0029] Since the field strength of a permanent magnet is inversely proportional to 

temperature, cooling the end-windings in effect allows the permanent magnet to 
operate at a high field strength and energy, which produces higher air gap flux and 
voltage in the stator. The reduction of heat radiating from the stator causes a 
reduction in the temperature of the end-windings, which lowers the resistance of the 
if' windings. This higher voltage and lower stator winding resistance reduces the current 

per kilowatt output or load. Since the efficiency and life of many power electronics is 
>2 inversely proportional to current, the jet impingement cooling assembly and method 

<£j will therefore increase the efficiency of the electric motor system as a whole, and 

,. increase the life efficiency of the magnets, stator windings, power electronics, and 

^ other components. Cooling the stator windings to a lower operating temperature 

J : t improves the reliability and robustness of the electric motor system by increasing the 

; *J operating margin of the system as a whole, and is particularly important at higher 

ambient temperatures. 

[0030] The jet impingement cooling assembly of the present invention does not interfere 
with the primary function of the electric motor. The rotor, and all other components of 
the electric motor assembly, function as intended. The jet impingement assembly 
design does not block or prevent the cooling of the rotor. 

[0031] 

Assemblies and methods for the cooling of electric motor end-windings utilizing 
jet impingement have been described herein. These, and other variations, which will 
be appreciated by those skilled in the art, are within the intended scope of this 
invention as claimed below. It is to be understood that the present invention may be 
embodied with various other changes, modifications and improvements, which may 
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occur to those skilled in the art, without departing from the spirit and scope of the 
invention defined in the following claims. 
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